Background: The first FDA-approved test to assess risk for acute kidney injury (AKI), •[IGFBP7], is clinically available in many parts of the world, including the USA and Europe. We sought to understand how the test is currently being used clinically.
Introduction
Apart from renal replacement therapy, no direct treatment exists for acute kidney injury (AKI). Many researchers have argued that therapies could be translated from promising preclinical results if-and likely only if-patients could be identified in the very early stages of injury. Likewise, clinicians argue that early treatment-before irreversible injury occurs-would be much more likely to succeed than would potential interventions to reverse established AKI. The 2012 Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice guideline [1] for AKI lists 12 actions; 6 measures should be implemented in patients at high risk for AKI, and only 6 are intended for patients with established AKI, whereas none are curative (Fig. 1) .
To this end, researchers around the world have discovered biomarkers that can be detected in the blood or urine of patients before AKI is evident using standard clinical criteria (e.g., changes in serum creatinine and urine output). N-Acetyl-β-D-glucosaminidase (NAG), neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), interleukin-18 (IL-18), and liver fatty acid-binding protein (L-FABP) were among the first candidates [1, 2] . More recently, tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulinlike growth factor binding protein 7 (IGFBP7) have been added to the list [2] . With varying degrees of accuracy, these markers all provide information about the state of the kidney much earlier than do changes in function (i.e., serum creatinine).
In response to clinical need and their assessment of currently available evidence, some institutions have become early adopters of AKI biomarker technology. Because only one biomarker test is currently FDA approved for use in the USA, we focused on the NephroCheck® test (Astute Medical), which combines TIMP-2 and IGFBP7 ( • [IGFBP7] ). This test is also CE-marked (Conformité Européenne) and available in several European countries including France, Germany, Italy, Austria, Switzerland, the UK, and Spain. We sought to understand the following features of use to help determine how the test is currently being used: (1) 
Methods
Invitations were sent to experts in critical care, nephrology, and surgery who had significant clinical experience In advance of the meetings, invitees completed a questionnaire (Additional file 1: Table S1 ). The questionnaire was designed to collect information about different aspects of •[IGFBP7] testing, including factors that led to adoption at respondents' respective institutions, specific items related to testing procedures, and interpretation of results. Collated results of the questionnaire were provided to group members before the meetings, so they could become familiar with all of the responses and be prepared to discuss the findings at each meeting.
In addition, participants were encouraged to provide their individual institution protocols and/or written instructions they had developed or with which they were familiar. These protocols were analyzed for common elements, and then rank-ordered by all participants ( Table 1 ). The rank order of positive and negative [TIMP-2]•[IGFBP7] protocol actions and avoidances, respectively, may have had redundant bins, potentially skewing the "count" results. However, the goal of the protocol evaluation was to determine the best consensus actions using as many examples as possible rather than obtaining the most accurate "count" of protocol actions.
At each meeting, the available protocols and questionnaire results were reviewed, and the panel agreed to discuss the four key questions related to the goals of the meeting: Each question was then answered based on the clinical experience of the group along with information from the medical literature when available.
Next, we conducted a two-step modified Delphi process to ensure that our results were complete (step 1) and prioritized by the group (step 2). This process involved a single round of voting for each step. Ballots were anonymous to all but the senior author who tabulated the results. Figure 2 is a schematic representation of the steps involved before, during, and after the expert panel meetings.
Results

Q1. Who are the target patients for [TIMP-2]•[IGFBP7] testing?
The expert panel agreed on key candidates for biomarker testing based on their direct experience, with the caveat that this list might not be exhaustive. Proposed target populations are specified in rank order in Table 2 . Postoperative cardiac or major vascular surgery was the most strongly supported followed by shock/hemodynamically unstable patients regardless of the cause and sepsis (with or without shock). Further down on the list, but still with strong support, were postoperative non-cardiovascular major surgery, cardiac arrest/extracorporeal membrane oxygenation, and patients with persistent oliguria after resuscitation. Additional populations suggested by the group are shown in Table 2 .
Q2. When are patients being tested (and retested)?
In general, [TIMP-2]•[IGFBP7] testing has been ordered for patients when the kidney is under threat for any reason-when something creates a toxic event in the kidney, when there is a question of secondary nephrotoxicity, or at any time a significant change in status has occurred that might result in kidney injury.
Most users found that [TIMP-2]•[IGFBP7] testing is particularly useful within the first 72 h of ICU admission. Therefore, [TIMP-2]•[IGFBP7]
testing is most often being ordered in patients at risk for AKI, including those who are hemodynamically unstable, in respiratory failure, or exhibiting Stage 1 AKI (Fig. 3) . Specific clinical scenarios (e.g., cardiac surgery, sepsis) were identified where appropriate testing might differ.
Q3. How are quantitative [TIMP-2]•[IGFBP7] test results being interpreted?
The FDA has approved the cutoff threshold of > 0.3, which ensures that > 92% of all stages 2/3 AKI events over the following 12 h are predicted [3] [4] [5] . A low risk for AKI is defined as a test result ≤ 0.3. Moderate risk is defined as having a result of > 0.3 and ≤ 2.0; high risk is associated with a result > 2.0. Thus, as test results increase, so does the level of kidney stress and the risk of AKI. If the result is > 0.3, there is a "risk" and any potential damage needs to be averted [6, 7] . All of the protocols reviewed used the 0.3 cutoff to separate low from moderate-high risk. A few protocols also specified actions related to the 2.0 cutoff, which generally related to increasing intensity of actions triggered by the 0.3 cutoff (e.g., more frequent monitoring of serum creatinine).
Q4. What actions are taken based on test results?
Meeting participants discussed and came to consensus regarding recommended actions (both positive and negative-i.e., things to do as well as things not to do) when the Table 3 . Actions chosen by the group were often found in the KDIGO guideline, as well as in more recent recommendations for prevention of AKI [1, 8] . The highest priority actions fell into two domains, management of nephrotoxins and fluids. Top priority was given to "discontinue all nonessential potential nephrotoxins (e.g., NSAIDs [nonsteroidal anti-inflammatory drugs])"; avoiding vancomycin (or dose adjusting) especially combinations of vancomycin with aminoglycosides or piperacillin tazobactam, and discontinuing angiotensin-converting enzyme (ACE) inhibitors or angiotensin-receptor blockers (ARBs) were ranked second and fourth. Goal-directed fluid management (e.g., bedside ultrasound and functional hemodynamic monitoring) was ranked third, and retaining invasive hemodynamic monitoring was ranked seventh. A negative [TIMP-2]•[IGFBP7] test result was seen as just as informative and actionable as a positive test, because low-risk patients may benefit from many of the treatments best avoided in high-risk patients (e.g., NSAIDs). There was strong consensus that patients with a negative test were good candidates for "fast-track" protocols and rapid de-escalation of monitoring (e.g., removal of arterial lines, indwelling urinary catheters). Of note, five authors expressed that they had originally doubted that the information provided by the 
Discussion
Clinical experts from the Europe and North America had very similar experiences with the clinical use of the test. Types of patients being tested and the types of actions based on the test result were similar. More variation was seen in terms of when to test. Some areas emphasized by the participants warrant further discussion.
Which patients to test
All postoperative cardiac surgery patients
The Society of Thoracic Surgeons' Adult Cardiac Surgery Database contains more than 6.5 million cardiac surgery procedure records and currently has approximately 3800 participating physicians [9] . After cardiovascular surgery, between 5 and 10% of patients develop kidney failure, defined by a threefold increase in serum creatinine from baseline or increase to a creatinine > 4 mg/dL (which would be equivalent to KDIGO criteria stage 3 AKI by creatinine [1] ). Rates of AKI by full KDIGO criteria are much higher, approaching 2 in 3 patients [10] . Specific considerations for cardiac surgery patients include the common practice of reducing circulating fluid volume on cardiopulmonary bypass (hemoconcentration) often resulting in postoperative oliguria. Current medical literature has demonstrated that post-cardiac surgery patients, identified as high risk by biomarker testing, and randomized to a KDIGO treatment had up to a 34% reduction in stage 2/3 AKI compared with those patients randomized to standard of care [7] . Similar results were reported for non-cardiac major surgery. [11] Patients with shock or hemodynamic instability regardless of the cause
Patients with shock, including hypovolemic, distributive/ septic, and cardiogenic, as well as patients with acute decompensated heart failure, are at high risk for AKI.
Patients with sepsis
Sepsis is the most common cause of AKI in the ICU [12] . Patients with sepsis, particularly those with septic shock also have more severe AKI-in a recent study, 44% of septic shock patients developed stage 2-3 AKI [13] . detected elevations at 4 h; in another study, elevations were not detected until the day after surgery [17] . A recent study [18] , with the most granular time-course published to date, shows bimodal elevations of [TIMP-2]•[IGFBP7] with the first peak occurring intraoperatively and the second 6 h after ICU admission in patients who developed stages 2/3 AKI. The authors postulate that the first peak indicates kidney stress caused during the surgery, while the second peak may indicate kidney stress caused during early postoperative care. Measurement at both times resulted in the best predictive ability, as would be expected for two independent episodes of stress.
Unplanned admission to the ICU
For patients in shock, [TIMP-2]•[IGFBP7]
testing is ordered as early as possible during patient evaluation. Interestingly, there is emerging evidence in septic shock that the post-resuscitation test results may be most predictive [19] . However, it also has been noted that when test results improve (levels decrease) with resuscitation, outcomes are better. There is therefore the hypothesis that [TIMP-2]•[IGFBP7] testing might ultimately be proven useful as a tool to monitor resuscitation efficacy. Establishing clinical utility for this indication will require studies that compare a biomarker-guided approach to a standard approach. Such studies are currently lacking.
What actions to take and how to integrate the technology into practice
Management of potential nephrotoxic medications was the top priority in patients with positive test results. The clinical panel participants agreed that all nonessential nephrotoxic medications should be avoided. The combination of vancomycin and piperacillin-tazobactam, in particular, has been noted to significantly increase risk for AKI [20] . If vancomycin (or an aminoglycoside) is used, it should be dosed strictly by levels, and its duration of use should be as limited as possible. If a pharmacist is not already part of the critical care team, consultation may be appropriate. Likewise, NSAIDs and ACE inhibitors/ARBs should be avoided in the early postoperative period.
A second category of high-priority actions involved fluid management. Participants noted that patients with a positive test result are at risk for fluid overload but also might be volume depleted. There was strong consensus therefore that a "goal-directed" approach to fluid/ diuretic management was essential. Two examples of such an approach were published, one in 2017 in cardiac surgery patients [7] and one in 2018 in non-cardiac surgery patients [11] . In the first study, biomarker-positive patients were randomized to receive a care bundle that included a hemodynamic management algorithm based on mean arterial pressure and stroke volume variation. AKI was significantly reduced with the intervention compared to controls (55.1 vs. 71.7%; ARR 16.6% (95% CI 5.5-27.9%); p = 0.004). Rates of moderate to severe AKI were also significantly reduced by the intervention compared to controls (41/138 (29.7%) vs 62/138 (44.9%); p = 0.009; OR, 0.518 (95% CI, 0.316-0.851); ARR, 15.2% (95% CI, 4.0-26.5%)). The intervention resulted in significantly improved hemodynamics (p < 0.05) as well as less hyperglycemia (p < 0.001) and use of ACEi/ARBs (p < 0.001) compared to controls. The total administered volume was not different between the two groups, but the distribution of fluid was different, with patients in the intervention group receiving significantly less volume during the last 3 h of the intervention period (p = 0.024). However, there were no differences in rates • Acute illness/decompensation
• Elevated serum creatinine and no baseline
• Decompensated heart failure • Acute respiratory distress syndrome/hypoxic respiratory failure
• Burn patients with total body surface area > 30%
• Anyone being seen by a rapid response team
• Solid organ (liver, heart, lung, kidney) transplants
• Receiving any nephrotoxic medications
• Any unplanned intensive care unit admission
• Suspected (impending) stage 2/3 acute kidney injury
• Volume depleted
• End-stage liver disease with early acute kidney injury (± hepatorenal syndrome)
• Post-urologic procedure (e.g., partial / radical nephrectomy or cystectomy)
Populations are listed in order of priority. Priorities assigned to the top three populations were highest among all participants (scores > 35 out of a possible 48). The second tier was also highly ranked (> 20) . The remaining populations received lower priority rankings (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) of renal replacement therapy between intervention and control either within 72 h (7.2% vs. 5.1%, p = 0.45), during hospitalization (10.1% vs. 6.5%, p = 0.28), or at 30 days (3.1% vs. 2.3%. p = 0.72). Neither were there differences in mortality or persistent renal dysfunction at 30, 60, or 90 days.
In the second study [11] , a similar care bundle including early optimization of fluid status and maintenance of perfusion pressure, was applied to non-cardiac major surgery patients after testing positive for the biomarker. Overall AKI rates were not statistically different between groups (19/60 (31.7%) in the intervention group vs. 29/61 (47.5%) in the standard care group, p = 0.076). However, rates of moderate and severe AKI, a secondary endpoint, were reduced with the intervention (4/60 (6.7%) vs. 12/61 (19.7%), p = 0.04), as were lengths of ICU stay (median difference 1 day, p = 0.035) and hospital stay (median difference 5 days, p = 0.04). There were no significant differences regarding renal replacement therapy, inhospital mortality, or major kidney events at hospital Despite its brief history, dozens of studies have evaluated the diagnostic value of [TIMP-2]•[IGFBP7] for AKI, in various settings (e.g., cardiac surgery, ICU, emergency department/trauma), different patient populations (e.g., KDIGO criteria, elderly, high-risk surgeries), and measurement criteria (e.g., thresholds, sampling times). Detailed discussion of these studies is beyond the scope of this report, but several systematic reviews are available [23] [24] [25] [26] [27] . Overall, •[IGFBP7] is accurate in identifying patients at risk for AKI. However, to our knowledge, only two studies, thus far, have attempted to evaluate whether use of the test alters the clinical course of AKI [7, 11] Table 1 , though common in clinical practice, are not supported by scientific evidence but rather reflect the clinical judgment of the authors. Less consensus was present on when to test, but this also reflected different patient populations. In general, testing needs to occur early but only after a potential inciting event has occurred. Patients undergoing major surgery (cardiac or non-cardiac), those with hemodynamic instability, or those with sepsis were believed to be the top priority patient populations for the biomarker test. Top actions for positive tests involve management of nephrotoxic drugs as well as fluids. Patients testing negative were considered to be excellent candidates for "fast-track" protocols.
